1 2 While prokaryotic promoters controlled by signal-responding regulators typically display a range of 3 input/output ratios when exposed to cognate inducers, virtually no naturally occurring cases are known 4 to have an off state of zero transcription-as ideally needed for synthetic circuits. To overcome this 5 problem we have modelled and implemented simple digitalizer module that completely suppresses the 6 basal level of otherwise strong promoters in such a way that expression in the absence of induction is 7 entirely impeded. The circuit involves the interplay of a translation-inhibitory sRNA with the translational 8 coupling of the gene of interest to a repressor such as LacI. The digitalizer module was validated with 9 the strong inducible promoters Pm (induced by XylS in the presence of benzoate) and PalkB (induced 10 by AlkS/dicyclopropylketone) and shown to perform effectively both in E. coli and the soil bacterium 11
INTRODUCTION 18 19
Whether naturally-occurring or engineered, prokaryotic expression modules typically involve a promoter 20 regulated by a signal-responding transcriptional factor and a downstream gene preceded by a segment 21 encoding a 5'UTR of more or less complexity. Decoding of any gene of interest (GOI) and the making of to be stringently controlled in any case, and they often act in a single direction, resulting in non-reusable 30 genetic devices. One way or the other, reliable circuits involve the use of tightly controlled expression 31 3
In this work we have pursued the design of a general-purpose digitalizer of heterologous gene 4 expression which combines small RNA-mediated inhibition of translation with the translational coupling 5 of a repressor to the GOI, all framed in a double-negative feedback circuit that could generate a bimodal 6 regime capable of operating between OFF and ON states in a reversible manner, ruled by the presence 7 of an externally-added inducer. When placed downstream of a strong inducible promoter the thereby 8 resulting architecture suppresses basal expression down to altogether non-detectable levels in E. coli 9
and Pseudomonas putida. The results below thus pave the way for generating digitalized variants of 10 popular promoters used in synthetic circuits. Also, they allow creation of switches in which the metabolic 11 of physiological status of cells can be entirely changed upon exposure of cells to an external signal. To evaluate the performance of the naturally-occurring and tightly controlled XylS/Pm expression 18 system we adopted the standardized pSEVA238 plasmid. This is a medium-copy number vector with a 19 pBBR1 origin of replication (30-40 copies/cell), a kanamycin resistance marker and an expression cargo 20 composed of the xylS gene and the Pm promoter (Martínez-García et al, 2015; Fig. 1A ). The gene 21 encoding a monomeric superfolder version of the green fluorescent protein (msf•GFP) was cloned 22
downstream of Pm as a sensitive reporter of transcriptional activity (Fig. 1A) . The resulting plasmid 23 (pS238M) was then transformed in E. coli CC118 strain and its behaviour analyzed in individual cells by 24 flow cytometry experiments. Fig. 1B and C show the kinetics of the expression along time at a fixed (1.0 25 mM) concentration of 3-methyl benzoate (3MBz) as inducer. Before induction (t = 0) cells show a 26 fluorescence pattern which is very similar (but not identical) to that of the non-fluorescent control strain, 27
i.e. E. coli CC118 strain transformed with pSEVA237M plasmid, containing a promotor-less msf• GFP 28 gene cloned exactly in the same genetic background (see grey peak in Fig. 1B) . Note that the median 29 value of cells harboring pS238M in the absence of induction is slightly higher that the promoterless 30 counterparts, indicating a very low but still detectable basal level (Fig. 1C) . The system then showed a 31 fast response after addition of inducer as reflected in the rapid displacement of the cell population to 1 higher fluorescence signals ( Fig. 1B ) and the sharp increase in the median fluorescence values (Fig.  2   1C) . Most, if not all the cells, were expressing msf•GFP at 20 min after adding the inducer and the 3 fluorescent output increased along time to reach a plateau around 60 min later ( Figs. 1B and 1C) . The 4 level of induction increased in a dose-dependent manner and the system was so sensitive as to detect 5 and respond to low micromolar concentrations of inducer ( Fig. 1D ). Population heterogeneity could also 6 be quantified by means of the coefficient of variation expressed as a percentage (CV* 100; Eldar & 7
Elowitz, 2010; Raj & van Oudenaarden, 2008) at each time point of the assay (Fig. 1E : the higher the 8 CV the less homogeneous the population is. The outcome of the flow cytometry experiments showed 9 significant differences in the level of msf•GFP expressed among individual cells, especially at short 10 times after induction, reflected in broader population peaks and higher CV values. But in general, there 11 was a clear, apparent breach in the GFP readout of cells treated or not with 3MBz, as background 12 expression of msf•GFP was very low in the absence of exogenous inducer. 13 14
Detection and quantification of very low basal expression levels 15 16
In order to expose the level of low transcriptional activity of Pm which does not become apparent with 17 GFP reporter technology we resorted to the amplifying cascade that results from expressing a 18 sequence-specific protease and visualizing the cleavage of a sensitive target in vivo. The rationale for 19 this approach is shown in Fig. 2 . Plasmid pS238•NIa, which expresses the site-specific plum-pox 20 protease NIa (García et al, 1989) under the same XylS/Pm device as before, was co-transformed in a 21 ∆tpiA E. coli W3110 strain with plasmid pBCL3-57-NIa bearing an E-tagged variant of the TpiA protein, 22
which had been engineered with an optimal cognate cleavage site. NIa is a highly active protease that 23 efficiently cuts target proteins bearing target sites-even when they are grafted on a different peptidic 24 context (Garcia et al, 1989). Therefore, inspection of TpiA integrity in a Western blot assay becomes an 25 exquisite indicator of leaky protease expression. In the test shown in Fig. 2 , we used a protease-26 sensitiveTpiA variant bearing the NIa target sequence at position E57 of the protein, which is known to 27 be efficiently cleaved by the protease. The reaction can be then be easily followed by means of Western 28 blot assays using antibodies against the E-tag sequence added at the C-terminus of TpiA target 29 enzyme. Fig. 2 shows that basal expression of Pm in pS238•NIa plasmid was enough to produce 30 sufficient protease as to cleave at least half of the protein produced by pBCL3-57-NIa in the absence of 31 any inducer. This indicated that basal expression of NIa controlled by XylS/Pm regulatory system-1 which is generally invisible by other means-sufficed to trigger a biological effect. The sections below 2 describe a feasible strategy to control this and to take non-induced gene expression to virtually zero. Although background expression could be reduced by decreasing plasmid copy-number, by using 7 weaker RBS sequences or even by introducing mutations in the consensus promoter sequences, these 8 approaches usually affect the induced expression level as well. Thus, we decided to explore the 9 possibility of reducing basal levels while keeping induced levels as high as possible by introducing an 10 additional cross-inhibition regulatory genetic circuit affecting other step of the protein expression 11 process, i.e. mRNA translation. The designed circuit aimed at digitalizing the expression system, 12
producing a regulatory device with a clear ON/OFF behaviour. For this reason we named such a circuit 13 a digitalizer module (see Fig. 3A ). The key parts of such a device include: [i] an inducible promoter with 14 a given level of basal expression (P1), [ii] a strong, yet repressible promoter P2 for transcription of a 15 translation-inhibitory sRNA, [iii] a transcriptional repressor (R) expressed through the inducible promoter 16 P1 but translationally inhibited by the sRNA and [iv] a gene of interest (GOI) translationally coupled (not 17 fused) to the repressor gene. The functionality of the system stems from the fact that the repressor 18 protein targets the strong promoter P2 from which the inhibitory sRNA is produced, so that R and sRNA 19 are mutually inhibitory. The resulting cross-inhibition between the two components is expected to result 20 Huang, 2011). Qualitatively this means that if the system is in a state in which the concentration of 22
repressor protein R is low and the concentration of the inhibitory sRNA is high then the system is off, as 23 no translation can be produced. The same applies with the concentrations of R and sRNA being high 24 and low, respectively. Thus, the system is expected to be off unless an external stimulus, i.e. induction 25 of transcription, increases repressor R concentration, allowing translation to occur and causing a 26 transition from the off to the on state ( Fig. 3 ). To gain an insight into the predicted system behaviour and 27
pinpoint key parameters for displacing the switch towards ON or OFF states, we developed the 28 mathematical model-and run the ensuing simulations-described in Appendix Information. According 29 to the model, the kinetic behaviour of the mutual inhibition switch as a function of the strength of each 30 repressor (protein or sRNA) was such that the stronger both inhibitions are the more digital the device is 31 i.e. both ON and OFF expression states are more stable and the change between states is sharper ( Fig.  1   3C ). However, a detailed analysis of the particular weight of each inhibitory element (Appendix Fig. S1 ) 2
showed that the strength of sRNA repression has more impact on system performance than that of the 3 repressor R. Prediction is thus that changing binding parameters of repressor R to its cognate promoter 4 may not have much influence on the digitalization of the system (Appendix Fig. S1A ) while the strength 5 of sRNA repression is much more crucial (Appendix Fig. S1B ). Nevertheless, optimal digitalization is 6 reached by combining high repression rates for both the transciptional and the translational components 7
of the system. 8 9 Implementation and SBOL description of a stringent ON/OFF switch 10 11 Based in the model for a cross-inhibition bimodal switch described in the previous section, we 12 assembled the construct depicted in Fig. 4A , the main features of which go as follows. The key player of 13 the designed post-transcriptional control circuit is a cis-repressing sRNA, based on a naturally occurring 14 small transcript in E. coli. This regulatory sRNA is composed of two parts, a scaffold sequence and a 15 target-binding sequence. The scaffold is provided by the MicC consensus secondary structure that has 16 been described to recruit the RNA chaperone Hfq, which is known to facilitate the hybridization of sRNA 17
and target mRNA as well as mRNA degradation (Yoo et al, 2013) . The second part of the sRNA, which 18 is replacing the natural MicC target binding region, was designed against the LacI transcriptional 19
repressor, preventing translation of the thereby generated mRNA. This specific 24-mer fragment is the 20 antisense sequence to the translation initiation region (starting at the very first codon) of the target 21 To ensure termination of transcription of both the bicistronic lacI-msf•GFP operon and the divergently 28 expressed sRNA, two strong transcriptional terminators were added to the device. T500, an artificial 29 terminator derived from T82, that carries a strong hairpin (Yarnell & Roberts, 1999), was placed 30 downstream of msf•GFP, the proxy of any GOI. Accurate termination of the sRNA, which is very 31 repressor gene, which is the target of the sRNA, requires a translational coupler cassette. An efficient 3 mechanism for coupling translation is based on the ability of translating ribosomes to unfold mRNA 4 secondary structures. In our design, translational coupling is achieved by occluding the RBS of 5 msf•GFP by formation of a secondary mRNA structure, containing a His-tag sequence added to the 6 3´end of the lacI gene. The sequence was designed so that it forms a strong hairpin 7 allowing researchers to record more information on genetic circuits and share all its features in a 21 machine-readable form (Roehner et al, 2016) . While FASTA is used for representing plain sequences 22
and GenBank adds the ability to annotate them, SBOL allows for specifying information such as the 23 hierarchical structure of the circuit, its provenance and the connectivity between the non-DNA 24 components (e.g. transcription factors) of the circuit. The SBOL design provided (Appendix Information) 25 is focused on the hierarchical structure. The representation of the circuit was divided into two main 26 modules: the one formed by Pm and downstream parts, and PA1_04S and downstream parts. Subdivision into smaller modules is shown at Appendix Fig. S2 . Note that a large number of tools 28 (currently >50) can be used to interact with SBOL designs to various extents at user's will (Appendix 29 Information). of GFP protein production ( Fig. 4D ). Dose response of the digitalized system was also analyzed under 10 equivalent conditions as before (Appendix Fig. S3 ). Sensitivity in this case was similar to that detected 11 for the non-digitalized version since around 10 M concentration of inducer was enough to trigger GFP 12 production. 13
14
In order to inspect whether the circuit borne by pS238D•M endowed expression of GOI with a degree of 15 bistability beyond the observed bimodality, de-induction kinetics of the digitalized system was compared 16
to that of the non digitalized precursor device carried by pS238M. To this end, strains carrying either 17 plasmid were induced in full with 3MBz, the inducer removed from the medium and then the decay of 18 the fluorescent signal in the population followed over time. As shown in Appendix Fig. S4 , elimination of 19 3MBz caused a gradual loss of GFP in either strain that was indistinguishable from each other. Such a 20 behavior rules out any significant hysteresis in the digitalized construct and suggests the strength of the 21 principal promoter Pm as the only signal that rules induction and de-induction kinetics under the 22 parameters embodied in the experimental system. 23
24
As mentioned above, simulations of the digitalizer (Appendix Fig. S1 ) predicted that its performance 25 depends mainly on the strength of both repressors (transcriptional and translational), being optimal 26 when both are high. To test this prediction we also constructed a new mutual inhibition design harboring 27 the classical thermosensitive variant of the very strong repressor CI857. The sRNA was then re-28 configured to target the CI repressor and was placed under the control of the CI-dependent PLs1con 29
promoter. This is a shortened version of the native PL promoter with additional mutations conferring a -30 10 consensus sequence, but retaining all three operators for repressor binding (Gardner et al, 2000) ; 31 see Materials and Methods section). Both Plac and PL promoters are controlled by negatively-acting 1 elements (LacI and CI, respectively) and repression operates in a fashion directly dependent on the 2 rates at which the RNAP and the repressor compete for their respective binding sites. In comparative 3 terms, the highest repression corresponds to CI-PL pair (Lanzer & Bujard, 1988) . On this basis we kept 4 the architecture of the digitalizer module but made it dependent on the thereby described modified CI/PL 5 module. The cI857 gene was thus inserted under the control of the same XylS/Pm expression system 6 as before, resulting in plasmid pS238D1•M. We then compared the kinetics of msf•GFP expression from 7 the newly designed construct (pS238D1•M) versus the LacI-repressed version (pS238D•M). As shown 8 in the Appendix Fig. S5 , the pattern of fluorescence did not change significantly along the time of the 9 experiment suggesting that indeed the strength of CI repression did not have much influence on the 10 system, as predicted. 11
12
Finally, to confirm the apparently complete suppression of basal expression caused by the digitalizing 13 module we employed again the NIa protease-sensitive TpiA protein test described in Fig. 2 as super-14 sensitive reporter of the switch tool explained above. To this end, we substituted msf•GFP by the NIa 15 protease gene (giving rise to pS238D•NIa) and monitored its expression with the same two-plasmid 16 approach as before ( to destroy sensitive cells by a one-hit mechanism (Jacob et al, 1952), meaning that production of one 1 single colicin molecule per cell suffices to kill the bacterium struck by the toxin. Among this type of killer 2 proteins, colicin E3, is a specific nuclease that is active against a broad range of organisms, both in vivo 3 and in vitro (for a review see James et al, 2002). Colicin E3 is an RNase that cleaves the 16s rRNA 4 eliminating the anti-SD sequence, completely inactivating the 30s ribosomal subunit and therefore 5 blocking protein synthesis (Boon, 1972; Bowman et al, 1971; Senior & Holland, 1971) . As is the case 6 with other colicins, a few molecules of E3, even just one, are enough to kill the cell (Maeda & Nomura, 7 1966; Nomura, 1964; Pugsley, 1984) . This makes cloning of the colE3 gene very unlikely even in tightly 8 controlled expression systems, unless the corresponding ImmE3 immunity protein is co-expressed in 9 the same cells (Mock et al, 1984) . Not suprisingly, our attempts to clone the colicin E3 gene in the 10 XylS/Pm plasmid pSEVA238 version without the cognate immune gene were not successful, suggesting 11 that the low basal expression level of XylS/Pm system was categorically lethal to E. coli. We thus set 12 out to test the prediction that the designed digitalized XylS/Pm-dependent switch could harbour genes 13 encoding lethal proteins. To this end, the colE3 gene had to be recloned in a streptomycin resistant 14 pSEVA version along with the rest of the circuit-otherwise maintaining the rest of the backbone 15
features. This vector swapping was necessary as the E. coli CC118 immE3 + strain, expressing the 16 cognate immE3 immunity gene, was already kanamycin resistant (Diaz et al, 1994) . With all the right 17 materials at hand, we used the immune E. coli CC118 CC118 immE3 + strain as the host to clone the 18 colE3 colicin in pSEVA438 to produce pS438D•colE3 plasmid, that was then transferred to E. coli 19 CC118 lacking immE3 as explained in the Materials and Methods section. Unlike before, non-immune 20 E. coli CC118 cells could stably maintain the colE3 gene cloned in plasmid pS438D•colE3. Under non-21 inducing conditions, cells harbouring this plasmid had a growth rate that was indistinguishable from that 22 of the control strain, carrying the corresponding empty vector (Fig. 5A ). In contrast, activation of 23
XylS/Pm with 3MBz led to an immediate growth arrest. The conditional killer system was very sensitive, 24
responding to concentrations of inducer as low as 7 µM, and displaying a conspicuous digital-like 25
behaviour (Figs. 5A and B). 26 27
To further assess the utility of the system for stably maintaining the highly toxic colE3 gene, top agar 28 containing E. coli CC118 cells transformed with pS438D•colE3 was layered onto LB agar plates and 29 exposed to the inducer 3MBz, which was impregnated in filter paper disks in the centre of the plate at 30 increasing concentrations ( Fig. 5C ). After incubation overnight at 37ºC, visual inspection of the plates 31 exposed production of colicin as clear halos around the spot with the inducer. The sizes of the halos of 1 killed bacteria directly correlated with inducer concentrations and could be detected even at low 2 micromolar concentrations, confirming the super-sensitivity of the system. These simple experiments 3 clearly demonstrated that the plasmid containing the colicin E3 could be stably maintained unless the 4 expression of the system is induced and that production of the highly toxic nuclease ColE3 leads to cell 5 death. The plasmids assembled to compare the behaviour of the non-digitalized vs. digitalized AlkS/PalkB are 20 shown in Fig. 6 . In order to ease its analysis in E. coli, the reference construct (pS239M; Fig 6A) had the 21 msf•GFP gene under the control of a variant of the AlkS/PalkB system that is independent of carbon 22 catabolite repression. This construct is altogether identical to pS238M (Fig. 1A) , excepting for the parts 23 Fig. S8 ). This finding suggests 9
that Hfq might not be essential when there is a high concentration of sRNA or under specific conditions 10 whereby the sRNA-target complex can stably be formed by their own. This scenario has precedents in 11 e.g. the case of the RyhB, a well-established Hfq-dependent sRNA that inhibits sodB mRNA in E. coli 12 but is also functional in the absence of the Hfq-binding region (Hao et al, 2011). That Hfq was 13 dispensable for the action of the digitalizer device paved the way to use it in bacteria other than E. coli, 14 as discussed below. homogeneity was also analyzed by means of the CV calculation of both non-digitalized and digitalized 10 circuits. Results clearly indicated that the inclusion of the digitalizer device decreased population 11 heterogeneity, as observed with E. coli (Appendix Fig S9) . It thus seems that under some parameters, 12 the digitalizer may make the response to the inducer faster and reduce heterogeneity, while 13 simultaneously lower to an extent the total output level of the ON state. Although this was not captured 14 in the model (Fig. 1 To further confirm the broad-host performance of the digitalizing module described in this work we also 19 employed the colicin E3 expressing plasmid pS438D•colE3 to transform P. putida KT2440 strain and 20 run a qualitative test similar to that shown in Fig. 5 . The results are shown in Appendix Fig. S10 . A clear 21 halo of growth inhibition appeared around the paper disk saturated with 3MBz as inducer of the 22
XylS/Pm expression system, while those bacteria distant enough as to avoid inducer diffusion showed 23 healthy growth behaviour. This confirmed that the digitalizer module prevented the toxic antibacterial 24 colicin from expression in the absence of inducer in P. putida in a fashion similar to what had been 25
shown when using E. coli as the host of the constructs. The use of bacterial systems as engineered machines designed to perform useful functions requires 30 reprogramming native networks and/or constructing new genetic circuits. This task relies on the 31 availability of optimized and well-characterized regulatory nodes that govern gene expression tightly. 1
Control of gene expression at appropriate times is crucial, for example, to avoid metabolic burden or 2 toxicity when using cell factories as production platforms. There is a large number of regulatory 3 strategies but most of them are leaky and/or noisy and their use is often restricted to Escherichia coli. 4
Here we describe the rational design, mathematical modelling, computational simulation and validation 5 of a broad host range digitalizing module that controls translation by means of a cross-inhibition bimodal 6 circuit. The whole device fulfils the standards of the SEVA platform and therefore meets the plug-and-7
play Synthetic Biology criteria, facilitating complex gene network construction. In principle the same 8 design can be adapted to any positive or negative transcriptional regulation system, eliminating the 9 major drawback of a high basal expression and allowing fine-tuning in Gram-negative bacteria, e.g. E. 10 coli and P. putida. While there is a number of strategies and genetic tools useful for the expression of greatly increase the host-range applicability of the system. We anticipate that the digitalizing device will 19 thus be instrumental to achieve phenotypes in Gram-negative bacteria that were thus far difficult to 20 attain. 21
22

MATERIALS AND METHODS 23 24
Bacterial strains, plasmids, cultivation conditions and reagents 25 26
The strains and plasmids used in this study are listed in Appendix Table S1 . The bacterial strain used 27 for general cloning and construct assembly was E. coli CC118 except in the case of colicin E3 were E. 28
coli CC118immE3 strain was employed (Diaz et al, 1994). Bacteria were routinely grown at 30ºC (P. 29 putida) or 37ºC (E. coli) in LB liquid medium or in solid plates supplemented with 1.5% (w/v) agar. 30
Shaken-flask cultivation was carried out in an air incubator at 170 rpm. When required, ampicilin (150 31 μg mL -1 ), kanamycin (75 μg mL -1 ) or streptomycin (50 μg mL -1 ), were added. Where indicated, 3-methil 1 benzoate (3MBz) or dicyclopropyl ketone (DCPK) were added to the media to appropriate 2 concentrations for induction experiments, as specified. The analysis of the expression of NIa-protease 3 was carried out in an E. coli W3110 ∆tpiA strain transformed with plasmid pBCL3-E57-NIa, expressing -4 E-tagged TpiA protein with a NIa-cleaving site at position E57. E. coli CC118 and E. coli MDS42 as well 5
as P. putida KT2440 strain were employed to monitor colicin E3 expression. DNA synthesis was 6 performed by GeneArt® (Thermo Fisher Scientific). Primers used in this work are listed in Appendix 7 was then PCR-amplified from pGA-LacI by using oligonucleotides GFP-F2 and GFP-R. The DNA 20 segment harboring the LacI repressor was obtained from pSEVA434 plasmid, in a PCR amplification 21 reaction using primers LacI-F and LacI-R2. All oligonucleotides contained appropriate tails to perform 22
Gibson Assembly (Appendix Table S2 ). Both PCR reactions were done in a mixture containing 100 ng 23 of the corresponding plasmid template, the necessary amount of Phusion GC Buffer 5x, 0.5 M of each Following electrophoresis, gels were transferred to polyvinylidene difluoride membranes (Inmobilon-P, 19 EMD Millipore, Billerica, MA, USA) using semi-dry electrophoresis transfer apparatus (Bio-Rad 20 Laboratories). Membranes were next blocked for 2 h at room temperature with MBT buffer (0.1% Tween 21 and 5% skimmed milk in phosphate-buffered saline, PBS), washed in the same buffer and incubated at 22 room temperature with a 1:1500 dilution of anti-Etag antibodies (Phadia) in PBS-T buffer (PBS 1x 23 supplemented with 0.1% Tween). Blots were washed three times with the same buffer to remove the 24 excess antibody. The membrane was next incubated another hour with an anti-mouse IgG antibody 25 conjugated with peroxidase (Sigma) diluted 1:5000 in PBS-T, rinsed three times with the same buffer 26 and then soaked in BM chemiluminescence blotting substrate (Roche Molecular Diagnostics). After 1 27 min of incubation in the dark, the blots were detected with X-ray films. Experiments were replicated at 28 least three times. 29
30
Top agar experiments 31 shaking in LB medium. Cell samples were then collected and centrifuged at 7,500 rpm in a tabletop 3 centrifuge during 5 min, and the pellets resuspended in PBS to an OD600 of 0.5. Then, 100 l of sample 4 cells were mixed with 4.5 ml of top agar [0,7% agar supplemented with 0.9% (w/v) NaCl] that had been 5 melted at 50°C. The mixture was poured into LB agar plates. 3MM Whatman paper disks soaked in 6 3MBz at the indicated concentrations were placed on the solidified layer and plates were incubated 7 overnight at the adequate temperature. Experiments were performed three times with two technical 8 replicates each. 
Flow cytometry analysis of cells bearing the digitalizing module 21 22
For quantification of GFP expression in flow cytometry experiments, specific strains containing the 23 relevant constructs, were inoculated into filtered LB medium and grown to stationary phase. Cells that 24 had been grown overnight were then diluted to an OD600 of 0.05 in fresh-filtered LB and incubated at the 25 appropriate temperatures to an OD600 of 0.4, when the corresponding inducer was added, as described. 26
This time point was considered as t = 0. Following exposure to the inducer, 1 ml samples were 27 harvested at various time points, as indicated in the text, and spun down in a tabletop centrifuge at 28 13,000 rpm for 1 min. Then cells were washed in 500 µl of filtered PBS, centrifuged again, resuspended 29 in 300 L of 0.4% (W/V) paraformaldehyde and incubated at room temperature for 10 min. After cell 30 fixation, cells were washed twice in 500 µl of filtered PBS and finally resuspended in 600 L of filtered 31 Elmer) or with a MACSQuantTM VYB cytometer (Miltenyi Biotec GmbH). GFP was excited at 488 nm, 3 and the fluorescence signal was recovered with a 525/40 nm band pass filter. At least 25,000 events 4
were analyzed for every aliquot. The GFP signal was quantified under the experimental conditions 5 tested by firstly gating the cells in a side scatter against forward scatter plot, and then the GFP-6 associated fluorescence was recorded in the FL1 channel (515-545 nm). Data processing was 7 performed using the FlowJo TM software as described elsewhere (www.flowjo.com). All experiments 8
were carried out at least three times with two technical replicates. Pittsburgh, PA, USA). The cultures were incubated at 30ºC with rotatory shaking in a Victor-2 16 multireader spectrophotometer until mid-exponential phase, when expression of GFP was induced with 17 increasing concentrations of 3MBz and incubated again until late stationary phase. Growth and GFP 18 fluorescence were simultaneously recorded every 15 min along the whole experiment. System 19 deactivation after inducer depletion (Appendix Fig. S4 ) was also inspected with a Victor2 plate reader. 20
To this end, overnight cultures containing the control, the non-digitalized and the digitalized strain, were 21 inoculated in LB supplemented with Km at an OD600 of 0.05 and grown until it reached ~ 0.4, at which 22 point expression of GFP was triggered by addition of 3MBz (1 mM)) followed by incubation for three 23 additional hours. During this period, samples were collected at the times indicated for monitoring growth 24 and GFP expression. Cells from the fully-induced cultures were then spun down 10 min at 3000 g in a inhibition bimodal circuit, the so-called digitalizer module, include a sRNA that inhibits translation of a 32 repressor (R) that in turns regulates the sRNA production. A translational coupler was added between 33 the repressor and the GOI to secure a coordinated expression of both genes (right). Simulations of 34 device. The stronger both repressions are, the more digital the device is i.e. both on and off expression 3 regimes are more separated (line is more horizontal) and the change between states is sharper (line is 4 more vertical). In (B) each line is a single simulation that measures the level of mR (Y axis) while the 5 concentration of active TF molecules-and thus P1 promoter strength-increases (X axis). The colour 6 of the lines goes from dark red (both repressions very strong) to dark blue (both repressions very weak). 7
The transition from OFF to ON seems to cross a single point at medium and strong repressions (arrow). 8
This pivot point suggests the level of TF a needed to switch the system is specific and not dependent on 9
the repression strength (except at very low values). The plot in (C) shows mS vs. mR i.e. the 10 relationship between the two RNA species in the system. The stronger both repression effects are, the 11 the more mutually exclusive this connection is. As shown in the red line, the system is dominated by 12 either mR or mS molecules, but not by both of them at the same time. 
